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Abstract: Here we demonstrate the technique to stabilize the ErFeAsO-based superconductor 
with the smallest lattice constants in LnFeAsO1-y (Ln = lanthanide) series using hydrogen 
doping method. Polycrystalline samples were synthesized by heating pellets with nominal 
compositions of ErFeAsO1-y (1-y = 0.75 ~ 0.95) sandwiched between pellets of 
LaFeAsO0.8H0.8 compositions at 1100 °C under a pressure of 5.0 - 5.5 GP. The sample with 
lattice constants of a = 3.8219 Å and c = 8.2807 Å shows the highest superconducting critical 
temperatures (Tc) of 44.5 K and 41.0 K determined by onset transitions of resistivity and 
susceptibility, respectively. We discuss phase diagram of Ln dependence of Tc in 
LnFeAsO-based superconductors. 
PACS: 74.70.Xa-Pnictides and chalcogenides;74.25.F-Transport properties; 74.25.Dw- 
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Superconductivity phase diagrams.
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Introduction.- The exploration of the iron-based superconductors has created new avenues 
for the scientific community working in the area of both basic and applied physics [1]. So far, 
the highest Tc of 55 K has been realized in LnFeAsO-based compounds (Ln-1111) crystallized 
in the ZrCuSiAs-type structure. The superconductivity in Ln-1111 is usually induced by 
transporting electrons from LnO layers to FeAs ones, which can be achieved by various ways 
like a substitution of F- for O2- [1], by an oxygen-deficiency [2,3] and by substitution of Th4+ 
for Ln3+ [4]. Tc changes with the carrier concentration in the FeAs layers and the highest Tc of 
each Ln-1111 strongly depends on Ln. Up to now, Ln-1111 samples have been synthesized for 
Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho and a rare earth element of Y[5-7]. The lattice 
constants of Ln-1111 contract monotonously with an increase in atomic numbers of Ln i.e. a 
decrease in ionic radii of Ln3+ (lanthanide contraction). The highest Tc increases with the 
decrease in lattice constants from Ln = La to Nd (Pr) and stays almost constant at around 53 K 
(or shows a broad peak) between Ln = Nd (Pr) to Dy. Concerning to Ln3+ = Ho3+ whose ionic 
radius (1.015 Å) is smaller than Dy3+ (1.027 Å) [8], Rodgers et al. [7] have reported a 
suppression of Tc (~ 36 K) in HoFeAs(O,F). On the contrary Yang et al. [6] have reported a 
much higher Tc of 49 K (determined from the onset of diamagnetic transition) in the 
oxygen-deficient HoFeAsO1-y. It should be noted that the highest Tc in Ln-1111 usually does 
not depend on the carrier doping method. The suppression of Tc in HoFeAs(O,F) may be 
caused by an over-doping effect. Therefore, it is still an open question whether Tc is 
suppressed for Ho or heavier Ln such as Er, Tm, etc. It is important to answer this question to 
verify the claim that there is a close relationship between Tc and crystal structures such as a 
bond angle (As-Fe-As) [9-10] and the distance of As atoms from the Fe planes [11-12].  
Towards extending the more details on this issue, we have attempted to synthesize 
ErFeAsO-based superconductors and succeeded to obtain them by applying the hydrogen 
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doping method that we developed to synthesize LaFeAsO1-y samples with shorter lattice 
constants [13]. In this paper, we report on the synthesis of the Er-1111-based superconductors, 
its basic physical properties, and we demonstrate a phase diagram of Ln-1111 system. 
Experimental Details.- Polycrystalline samples were synthesized using a cubic-anvil-type 
HP apparatus and the utility of the HP synthesis technique was demonstrated elsewhere [14, 
15]. The most simplest way to dope hydrogen directly into samples, it is desirable to use 
Er(OH)3 as a starting material. However, Er(OH)3 is not commercially available, so that we 
used the indirect way (method II) descried in ref. [13] as follows. Starting materials were 
powders of Fe, Fe2O3 and a precursor of ErAs. The precursor ErAs was synthesized by 
reacting Er and As chips at 500 °C for 12 h and then followed by heating at 1050 °C for 12 h 
in an evacuated quartz tube. The starting materials were mixed with a nominal composition of 
ErFeAsO1-y (y = 0.65 - 0.95), ground and pressed into pellets in a glove box filled with dry 
nitrogen gas. Besides the two ErFeAsO1-y pellets, we provided three pellets with a nominal 
composition of LaFeAsO0.8H0.8 that were made from Fe, LaAs, As and La(OH)3. Five pellets 
were simultaneously packed into a BN crucible as shown in the inset of Fig. 1, where H-free 
target ErFeAsO1-y pellets were sandwiched between the LaFeAsO0.8H0.8 ones. The pellets 
were heated at a temperature of 1100 °C under a pressure of 5.0 ~ 5.5 GPa for 1 h. The 
hydrogen ions released from the LaFeAsO0.8H0.8 pellets were expected to penetrate into the 
ErFeAsO1-y pellets during sample preparation. NMR measurements suggest that the doped H 
locates between Fe and La sites [16]. The samples thus synthesized are abbreviated as 
ErFeAsO1-y(H) or Er-1111(H) hereafter. By this technique, we obtained two Er-1111(H) 
samples with different nominal oxygen contents at the same time. It should be noted that we 
have never obtained the Er-1111 phase without LaFeAsO0.8H0.8 pellets.  
Powder x-ray diffraction (XRD) patterns were measured using CuK radiation 
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(Ultima IV, Rigaku). The AC magnetic susceptibility was measured under a AC magnetic 
field amplitude of 0.1 Oe and frequency of 7.7 kHz (PPMS, Quantum Design). The DC 
magnetic susceptibility was measured using a SQUID magnetometer (MPMS, Quantum 
Design) under a magnetic field of 5 Oe. The resistivity was measured by a four-probe method.
Results and Discussion.-Fig. 1 represents the powder XRD pattern of the (a) Er-1111(H) # 
sample1, (b) ErFeAsO1-yH (4 GPa) and (c) ErFeAsO1-y (5 GPa) as the typical examples. The 
peaks were indexed based on the ZrCuSiAs-type crystal structure. The Er-1111(H) is a major 
component along with additional peaks due to impurity phases like ErAs, Er2O3, Fe, Fe2O3, 
unknown, etc. So far we have synthesized almost singe-phase samples of LnFeAsO1-y for Ln = 
La - Dy by tuning synthesis conditions such as pressure, temperature and oxygen content of 
starting compositions, etc [5]. However, we have not succeeded in synthesizing a single-phase 
Er-1111 sample yet even though we had experimented with various synthesis conditions, it 
resembles with the case of Ho-1111 samples [6,7]. The sample of ErFeAsO1-y(H) prepared at a 
lower pressure of 4 GPa (see Fig. 1(b)) and the sample of ErFeAsO1-y prepared at 5 GPa 
without the hydrogen doping (see Fig. 1(c)) consist of impurities like ErAs as a main 
component with/without small trace of the Er-1111 phase. It suggests that synthesis condition 
is narrow for heavier Ln like Er- and Ho-1111. Our previous study demonstrated that a purity 
of the DyFeAsO1-y sample is improved with increasing synthesis pressure [5]. We may expect 
to obtain phase pure Er-1111-based samples using higher pressure. However, the pressure 
limit (~ 5.5 GPa) of our apparatus restricts to test sample synthesis at higher pressure. The 
lattice constants of typical three samples are listed in Table I, together with unit cell volumes, 
Tc (definitions of Tc are shown later). The samples with the larger nominal oxygen content 
have higher Tc values with the bigger lattice constants. The cell volume (121.0 Å3) of the 
highest Tc sample#3 is smaller than that (121.3 Å3) of HoFeAs(O,F) (Tc = 36.2 K) [7] and that 
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(122.7 Å3) of HoFeAsO1-y (Tc = 49.1 K)[6].  
We extend the discussion here on the Er-1111 phase formation by hydrogen 
doping into the lattice. The crystal structure of LnFeAsO is constructed by an alternative 
stacking of LnO and FeAs layers along the c-direction. Then, the lattice mismatch along 
a-direction between the LnO and FeAs layers must be small to form the LnFeAsO phase. In 
the case of Ln = La to Gd which can be synthesized even at the ambient pressure, as the lattice 
mismatch is expected to be small, while it becomes larger for heavier Ln such as Ho and Er 
due to the shrinkage of LnO layers. The lattice mismatch will be reduced under high pressure 
by a selective compression of the FeAs layers. Consequently, LnFeAsO with heavier Ln3+ will 
be formed only under high pressure. Considering the fact that we obtained the Er-1111(H) 
samples in this study, the doped hydrogen may work to contract FeAs layers. 
 Fig. 2 shows the temperature (T)-dependence of resistivity (  ) for the typical 
ErFeAsO1-y(H) sample#1 - #3. The sample#1 - #3 shows the superconducting transitions 
( Tc
onset ) at 35.9, 43.0 and 44.5 K, where ( Tc
onset ) is determined from the intersection of the 
two extrapolated lines drawn through the resistivity curve just above and below the transition, 
(see the inset of Fig. 2). The Tc
end
 was defined as the intersection of the resistive transition 
curve with the maximum slope on the temperature axis. The resistivity show negative 
curvatures in the whole measured temperature range above Tc. This behaviour is commonly 
observed for LnFeAsO-based superconductors with heavy Ln elements such as Dy and 
Ho[5,7].  
 In Fig. 3 T-dependence of the in-phase AC susceptibility (  ' ) for the sample#1 - #3 
are shown. All the samples showed sharp diamagnetic transitions. The superconducting 
volume fractions estimated by DC magnetic susceptibility from the magnitude of diamagnetic 
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signal (ZFC) at 5 K are about 160 % for the three samples without demagnetizing field 
corrections ensuring the bulk superconductivity. Onset transition temperature (Tc
 'onset ) is 
determined from the intersection of the two extrapolated lines drawn through the  ' curve 
just above and below the transition (see the inset of Fig. 3). We can clearly define Tc
 'onset  of 
33.2, 39.5 and 41.0 K for the sample#1 - #3, respectively. The Tc
 'onset  thus determined 
agrees well with Tc
end .  
The a-lattice constant and the cell volume dependence of Tc for samples including 
ErFeAsO1-y(H) as major phase is shown in Fig. 4. As indicated in Fig. 4 (a), Tc gradually 
increases with the cell volume. All the samples synthesized under a pressure of 5.0 GPa 
showed larger lattice constants and higher Tc ( 40 K), while the other ones synthesized in 
higher pressure of 5.5 GPa showed lower Tc (< 40 K) as indicated in Fig. 4. One may expect 
that samples prepared under lower pressure (less than 5.0 GPa) will make Tc higher. However, 
it is an experimentally difficult task to synthesize samples including Er-1111 as a main 
component at a lower pressure, most probably as the pressure is not enough to reduce the 
lattice mismatch between ErO and FeAs layers as discussed above. On the other hand, Tc 
appears to have a broad peak around a = 3.822 Å, as one can see in Fig. 4 (b). Because it is 
difficult to change the a- and c-lattice constants independently so that a large increase of Tc 
may not be expected in Er-1111(H) even though samples can be synthesized under lower 
pressure. 
The highest Tc (determined from onsets of diamagnetic transitions) obtained so far 
in our group are plotted against the a-lattice constant in Fig. 5 for LnFeAsO1-y (Ln = La, 
(La,Y), Ce, Pr, Nd, Sm, Gd, Tb and Dy) [5,17,18] and LnFeAsO1-y(H) (Ln = La, Ce, Pr and 
Sm) [13,19] together with HoFeAs(O,F) [7], HoFeAsO1-y [6] and Er-1111(H) superconductors. 
The Tc of the HoFeAs(O,F) is lower than that of the Er-1111(H) though it has longer a-lattice 
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constant and larger cell volume. Rodgers et al.[7] reported that the positive dTc dV  
observed in HoFeAs(O,F) as a particular property of HoFeAs(O,F). However, the positive 
dTc dV  is also observed in the over-doped region of LnFeAsO1-y (Ln = La[18], Nd[3] and 
Sm[19]) and LaFeAs(O,F) [20]. In addition, we have confirmed that the highest Tc (49 K) of 
HoFeAsO1-y agrees with that reported by Yang et al. [6] by constructing the phase diagram 
[21]. This evidence suggested that suppression of Tc in HoFeAs(O,F) may be due to 
over-doping effect rather than intrinsic suppression due to the lattice contraction. Similarly, 
one may have suspicions that lower Tc in ErFeAsO1-y(H) is due to disorder caused by the 
hydrogen doping into the samples. As shown in Fig. 5, Tc of LnFeAsO1-y(H) (Ln = La, Ce and 
Pr) moves almost on the curve which is drawn by LnFeAsO1-y samples so that the hydrogen 
doping mainly affects the lattice contraction and Tc changes, consequently. Now we can draw 
a clear peak at about Ln = Sm in the a-axis dependence of Tc as indicated in Fig. 5. This figure 
demonstrates that suitable lattice size for higher Tc exists in Ln-1111 superconductors. 
We have succeeded to stabilize the heavy lanthanide Er-1111-based superconductors 
for the first time by the hydrogen doping method. The sample with lattice constants of a = 
3.8219 Å and c = 8.2807 Å shows the highest Tc
 'onset  of 41.0 K. We demonstrated that the 
Er-1111-based superconductors having the smallest lattice constants in LnFeAsO1-y series 
have much lower Tc than HoFeAsO-based one. We have established the phase diagram of the 
a-lattice constant vs. Tc for Ln-1111-based superconductors from Ln = La up to Er, where a 
clear peak at about Ln = Sm can be seen. 
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Figure captions: 
Fig. 1 Powder XRD patterns of (a) Er-1111(H) prepared at 5.0 GPa (sample#1) as a typical 
example along with (b) Er-1111(H) prepared at 4 GPa and (c) Er-1111 prepared at 5 GPa 
without the hydrogen doping. Peaks are indexed on the basis of the tetragonal structure 
(P4/nmm). Inset shows the cross section of sample cell assembly for high-pressure synthesis. 
Fig. 2 Temperature dependence of resistivity () for ErFeAsO1-y(H) sample#1 - #3. The inset 
shows the resistivity near superconducting transition. Definitions of Tc
onset  and Tc
end are 
indicated in the inset. 
Fig. 3 Temperature dependence of AC susceptibility (  ' ) for ErFeAsO1-y(H) sample#1 - #3. 
The inset shows the  '  near superconducting transition. A definition of Tc
 'onset  is indicated 
in the inset. 
Fig. 4 (a-b) Cell volume (a) and a-lattice constant (b) dependence of Tc for samples which 
include ErFeAsO1-y(H) phase as a major component. The samples were synthesized under a 
pressure of 5.0 GPa (closed circles) or 5.5 GPa (open circles). Tc’s  are determined from 
onset of diamagnetic transitions from DC magnetization. The dashed line and curve are 
guides to the eye. 
Fig. 5 Variation of Tc determined from the onset of diamagnetic transitions for 
LnFeAsO-based superconductors. The highest Tc obtained so far in our group are plotted for 
LnFeAsO1-y (Ln = La, (La,Y), Ce, Pr, Nd, Sm, Gd, Tb and Dy) [5,17] and LnFeAsO1-y(H) (Ln 
= La, Ce, Pr and Sm) [13,19] together with HoFeAs(O,F) [7], HoFeAsO1-y [6] and Er-1111(H) 
superconductors.
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Table I: Lattice constants of typical three samples are listed along with the unit cell volumes 
and Tc. The sample#1, #2 and #3 were synthesized under pressures of 5.5, 5.0 and 5.0 GPa, 
respectively.
Samples Nominal starting 
compositions 
a 
(Å) 
c 
(Å) 
Vol. 
(Å3) 
Tc
onset
 
(K) 
Tc
end
(K) 
Tc
 'onset  
(K) 
sample#1 ErFeAsO0.75 3.8198 8.2517 120.40 35.9 33.5 33.2 
sample#2 ErFeAsO0.95 3.8238 8.2680 120.89 43.0 40.6 39.5 
sample#3 ErFeAsO0.95 3.8219 8.2807 120.96 44.5 41.9 41.0 

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